Abstract: An optical approach to implement radio-frequency (RF) self-interference cancellation using an integrated dual-parallel Mach-Zehnder modulator (DP-MZM) is proposed and demonstrated experimentally. The received signals and the reference signal are converted into optical domain via the sub-MZMs (MZM1 and MZM2) in the DP-MZM, which are biased at the quadrature point and the minimum point with the output of double sideband with carrier signal and double sideband with carrier-suppressed signal, respectively. It avoids the optical interference at the combining Y branch waveguide. The time and the amplitude matching conditions for cancellation between the reference signal and the interference signal are completed by the electrical tunable time delay line and the phase shifter in the MZM2 path. A cancellation depth larger than 80 dB is obtained for the single-frequency signal of 2.4, 5, 8, and 10 GHz. For the bandwidth of 100 MHz, cancellation depths as high as 35.8, 33.1, and 38.3 dB are realized at frequencies of 2.4, 5, 8, and 10 GHz, respectively.
Introduction
Compared with the conventional Time Division Duplex (TDD) and Frequency Division Duplex (FDD), the Full-Duplex scheme transmits and receives signals simultaneously in the same frequency band, which can significantly improve the throughput and the spectrum efficiency [1] , [2] . However, in the Full-Duplex scheme, due to the collocation of the transmitting and receiving antennas, the high power transmitted signal will interfere with the in-band weak received signal, which is called selfinterference or co-site interference [3] . The interference cannot be simply removed by a notch filter or a narrow bandpass filter because the same frequency band is used for both transmitter and receiver. Therefore, more efficient methods to remove the self-interference for real application of the Full-Duplex scheme are highly desired. Over the past few years, electronic interference cancellation methods were developed to remove the interference signal from the received signal [4] , [5] . However, this kind of method always suffers from narrow bandwidth, high loss, and low precision time delay.
To overcome the limitations of electronic methods, optical self-interference cancellation (SIC) approaches with the advantages of wider operational bandwidth, higher precision, and lower loss have been proposed to deal with the co-site interference [6] - [11] . In [6] two Mach-Zehnder modulators (MZMs) biased at inverted quadrature points were utilized to implement the electrical-to-optical (E/O) conversion of all the received signals, including the weak signal of interest and the strong interference signal, and the tapped reference signal from the transmitter. After tuning the delay time and amplitude of the received signals in the optical domain by a tunable optical delay line and a variable optical attenuator, the interference and reference signals cancelled each other out upon a photo detector due to exact out of phase and however identical magnitude, and the signal of interest was recovered. However, two lasers with different wavelengths have to be utilized in order to avoid the optical interference. In addition, the cancellation depth may be degraded due to the V π mismatch of the two separate MZMs [7] . In [8] two electro-absorption modulators and a single wavelength laser were applied for self-interference cancellation, which have well-matched modulation indexes. While the balanced photodector has to be used to subtract the reference signal from the interference signal, which would increase the complexity and cost of the system. In [9] two directly modulated lasers were used as the E/O convertor of all the received signals and reference signal, but the balanced photodector is still needed. In [10] an integratable dual-parallel polarization modulator (DP-PolM) based self-interference cancellation method was presented, where the optical power control was achieved by tuning the polarization state of the input optical signal into the DP-PolM, avoiding the need of a variable optical attenuator. However, the polarization state may be affected by the environmental conditions and the system stability degrades. In [11] , a single compact dual-drive Mach-Zehnder modulator (DD-MZM) with the bias voltage difference of V π between the two arms was proposed to realize the E/O conversion. By aligning the time delay and amplitude of the interference and reference signals with the electrical tunable delay line and tunable attenuator, the signal of interest was successfully recovered. However, the destructive interference between the two optical carriers occurs at the Y branch combiner of the DD-MZM, which greatly decreases the power of the recovered signal of interest which is the beating result between the optical carrier and the RF modulated sideband, and impacts the performance of cancellation system.
In this paper, we propose and demonstrate experimentally an optical approach for RF selfinterference cancellation using an integrated dual-parallel MZM (DP-MZM). The sub-MZM (MZM1) in the upper path operates at the quadrature bias point and modulates the corrupted received signal on the optical carrier, which generates the double sideband with carrier (DSB+C) signal. The sub-MZM (MZM2) in the lower path operates at the minimum bias point and converts the tapped reference signal into optical domain, which results in the double sideband with carriersuppressed (DSB-CS) signal. After the phase shifter (PS), the DSB-CS signal and the DSB+C signal are combined via the Y branch waveguide. Due to the optical carrier being suppressed in the lower path the optical interference at the Y branch waveguide is avoided. The time and the amplitude matching conditions between the reference signal and the interference signal are completed by the tunable time delay line before the input RF port and the PS in the lower path, respectively. The operation principle is deduced mathematically and the experiment is conducted, which demonstrates the validity of the proposed approach for RF self-interference cancellation.
Operation Principle
The schematic of the proposed optical RF self-interference cancellation (SIC) system is shown in Fig. 1 . The optical carrier from a laser source (LS) is fed to the integrated DP-MZM and split to two paths. In the upper path, the sub-MZM (MZM1) is biased at the quadrature point and the signal of interest s(t) and the interference signal i(t) from the receive antenna are modulated on the optical carrier with the generation of DSB+C signal. In the lower path, the sub-MZM (MZM2) is biased at the minimum point. The reference signal r(t') tapped from the transmitter (Tx) transmits through a tunable time delay line (TTDL). The delayed reference signal r(t + τ) is converted into the optical Assuming the sub-MZMs in the DP-MZM being in the push-pull operation [12] , the output optical fields from MZM1 and MZM2 can be expressed as
(1)
where E 0 is the amplitude of the optical carrier from the laser source; f C and f RF are the frequency of the optical carrier and the RF signal, respectively;
; V i and V r are the amplitude of the interference RF signal and the reference RF signal; V π1 and V π2 are the half-wave voltage of MZM1 and MZM2; V DC1 and V DC2 are the bias voltages for controlling the bias point of sub-MZMs. For simplicity, the signal of interest is not included in (1), which does not affect the validity of the deduction. Using the Jacobi-Anger expansions, (1) and (2) can be expressed as
where J 0 , J 1 are the 0th-and 1st-order Bessel function of the first kind. When deriving (3) and (4), only the 0th-and ±1st-order components are considered. Due to MZM1 being biased at quadrature point and MZM2 being biased at minimum point, there are θ 1 = π/4 and θ 2 = π/2. Equations (3) and (4) can be simplified as
From (5) and (6), it can be seen that the output from MZM1 is DSB+C signal and the output from MZM2 is DSB-CS signal. A phase shift of ϕ is added to the two sidebands of the DSB-CS signal via the PS. The output optical field from the PS is expressed as
where
Equations (8) and (9) are the expression of the parallel and perpendicular components to the sidebands of the DSB+C signal, as shown the inset of D in Fig. 1 . Then the output optical field from the DP-MZM is
From (10), it can be seen that if the conditions of √ 2J 1 (m 1 ) = −2 cos ϕJ 1 (m 2 ) and t = t + τ are met, the interference signal sidebands of DSB+C can be cancelled out by the parallel sideband component (E' 2,// in (8)) of the DSB-CS. It can be realized by adjusting the time delay of τ and the phase shift of ϕ by the TTDL and the PS, respectively. Then, (10) is simplified as
The expression of (11) is an equivalent phase-modulated signal [13] . There is only the DC output upon the PD due to the inherent out of phase property of the beating result between the left Fig. 2 . Experiment setup to demonstrate the optical RF self-interference cancellation.
sideband and the carrier and the beating between the right sideband and the carrier [14] . Therefore, the interference signal i(t) is cancelled with the parallel component of the reference signal r(t'), and the signal of interest is recovered upon the PD.
Experiment and Results
An experiment based on the setup shown in Fig. 2 is performed. The optical carrier from a laser source (NKT, DK-3460) with a wavelength of 1549.808 nm and an output power of 13 dBm is fed to the DP-MZM (EO-Space, IQ-0DVS-35). The RF signal from a signal generator (SG1, Agilent E8257D) is used as the signal of interest s(t). The RF signal from a signal generator (SG2, Agilent E8267D) is split to two parts by an electronic 3 dB splitter. One part as the reference signal r(t ' ) transmits through a tunable time delay line (Gwave, GDL22-T50) to the lower RF port of DP-MZM, where the sub-MZM (MZM2) is biased at the minimum point. The other part is used as the interference signal i(t). The RF signal s(t) from SG1 and the RF signal i(t) split from SG2 are combined as the received signals s(t) + i(t) via an electronic 3 dB combiner, and are input to the upper RF port of the DP-MZM, where the sub-MZM (MZM1) is biased at the quadrature point. The output optical signal from the DP-MZM is fed to a PD (Miteq SCMR-10M18G). The detected RF signals are measured with an electrical spectrum analyzer (ESA, Agilent E4440A).
At first, a sinusoidal signal at 2.4 GHz, the standard of wireless service of WiFi (IEEE 802.11), with an ouptut power of 10 dBm from SG2 (Agilent E8267D) is selected to investigate the performance of self-interference cancellation for a single frequency. By disconnecting the cable to the lower RF port of the DP-MZM, a maximum power of −16.8 dBm at 2.4 GHz is observed on the ESA, as shown the red dash curve in Fig. 3(a) . Then, by connecting the cable to the lower RF port of the DP-MZM, the self-interference cancellation for a single frequency is achieved by adjusting the TTDL and PS, with the result shown as the blue solid curve in Fig. 3(a) . It can be seen that a cancellation depth of 83 dB, which is defined as the power difference of the interference signal before and after the cancellation, is obtained. Then the frequency of the sinusoidal signal is changed to 5 GHz, the standard of wireless service of WiMax (IEEE 802.16), with the same power of 10 dBm. The experimental results for single frequency of 5 GHz with and without cancellation are shown as the blue solid and red dash curves in Fig. 3(b) , respectively. The maximum power of −20.7 dBm at 5 GHz is detected without cancellation, and the cancellation depth of 82 dB is realized. There is about 1 dB difference of the cancellation depth between 2.4 GHz and 5 GHz signals. This is due to the relatively lower gain of the SIC system at higher frequency signals. In order to verify the feasibility of the proposed optical SIC system for higher frequency carriers, sinusoidal signals with frequencies of 8 GHz and 10 GHz were also investigated and the results are shown in Fig. 3(c) and (d), respectively. It can be seen from Fig. 3(c) and (d) that the cancellation depth larger than 80 dB is achieved for both 8 GHz and 10 GHz signals.
Then the cancellation performance for RF signal with a certain bandwidth is investigated. The arbitrary (ARB) signal with a bandwidth of 100 MHz is modulated on the RF signal (10 dBm) from SG2 (Agilent E8267D). A 2.4 GHz single tone signal with a power of −20 dBm from SG1 (Agilent E8257D) is attenuated of 20 dB and fed to the upper RF port of the DP-MZM via a 3 dB combiner. It is used as the signal of interest with a power of −43 dBm. With the cable to the lower RF port of the DP-MZM being disconnected, a strong interference signal is observed in the electrical spectrum as shown the red dash curve in Fig. 4(a) . Then, by connecting the cable and adjusting the TTDL and PS, the 100 MHz bandwidth interference signal is suppressed greatly with a cancellation depth of 37.6 dB and the desired 2.4 GHz signal is left, as shown the blue solid curve in Fig. 4(a) . The wide band cancellation at frequencies of 5 GHz, 8 GHz and 10 GHz is also measured and the results are shown in Fig. 4(b), (c) and (d) . It can be seen that for the bandwidth of 100 MHz, the cancellation depth as high as 35.8 dB, 33.1 dB, and 38.3 dB has been obtained by the proposed optical SIC system. The experimental results show that the suppression profile varies when the frequency is varied from 2.4 GHz to 10 GHz for same signal bandwidth of 100 MHz. It is mainly due to the non-uniform phase and amplitude response over the wide band of the electronic devices used in the experiment setup, such as the TTDL, electronic splitter and combiner. If the electronic devices with uniform phase and amplitude response are applied, the suppression profile could be consistent. The cancellation depth at 10 GHz is higher relatively than the other three frequency bands. It is due to the flat delay response of the TTDL over the bandwidth at 10 GHz. At present, the bandwidth is 100 MHz in the measurement, which is limited by the bandwidth of signal generated by SG2 (Agilent E8267D).
Conclusion
In conclusion, we have proposed and experimentally demonstrated an optical approach for RF self-interference cancellation. This approach is based on an integrated DP-MZM, where the upper sub-MZM (MZM1) is biased at the quadrature point and the lower sub-MZM (MZM2) is biased at the minimum point. The optical interference between the optical carrier of the received signal and the one of the reference signal is avoided. Compared with the approach in [6] and [8] , only one laser source and one single PD are needed, resulting in a compact optical SIC system. By tuning the amplitude and delay time of the reference signal, the matching conditions for the RF self-interference cancellation are realized. For the single frequency signal of 2.4 GHz, 5 GHz, 8 GHz and 10 GHz, a cancellation depth larger than 80 dB is obtained by the proposed optical SIC system. The cancellation performance for a certain bandwidth is also investigated experimentally. For the bandwidth of 100 MHz, a cancellation depth as high as 35.8 dB, 33.1 dB, and 38.3 dB are realized at frequency of 2.4 GHz, 5 GHz, 8 GHz, and 10 GHz, respectively.
For the real RF communication scenario, the Tx signal in a typical link is generally in excess of 100 dB above its Rx noise floor [5] . Therefore, it requires over 100 dB rejection of the selfinterference. As analyzed in the previous literatures [15] , [16] , there is no single solution to complete so high rejection. For the real applications, the photonic solution will substitute the analog/RF solution and should be combined with electronic techniques including the isolation and digital cancellation. For the isolation solution, the multiple antenna technique achieves up to 40 dB of isolation [1] . The digital cancellation technique provides up to 30-35 dB cancellation [17] . With the cancellation depth over 30 dB of the proposed optical solution, the total rejection of 100 dB could be accomplished.
In the real application scenario, the interference signal i(t) varies with time because of varying channel response. The delay time τ of the TTDL and the phase ϕ of the PS should be adjusted accordingly in order to maintain the amplitude and time matching conditions. Moreover, the multipath interference also exists in real scenario and it should be rejected for the realization of FullDuplex [2] , [18] . For multi-path interference cancellation, the proposed optical approach could be extended with an integrated (N + 1) parallel MZM. It consists of N + 1 MZMs, where MZM0 converts the received RF signals to optical domain with the output of DSB+C signal, and MZMn (n = 1, 2, 3, . . . , N ) converts the tapped nth reference RF signal to the optical domain with the output of DSB-CS signal. The amplitude and time matching conditions for multi-path interference cancellation are accomplished by adjusting the delay time τ n and additional phase ϕ n via TTDLn and PSn (n = 1, 2, 3, . . . , N ) , respectively. The investigation of the proposed optical SIC approach for real RF Full-Duplex communication is being conducted and the results will be presented in future.
